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►  Poisoning  of  the  Pt  electrode  by  low  concentration  NHj  ion  was  investigated  in  H2S04  and  HC104  solutions. 

►  Significant  poisoning  was  observed  in  H2S04  solution. 

►  An  extraordinary  recovery  of  the  poisoned  electrode  was  achieved  in  HC104  solution. 

►  The  Tafel  slopes  were  affected  by  NHJ  ion  in  H2S04  but  not  in  HC104  solution. 
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Poisoning  of  the  poly-Pt  electrode  by  low  concentration  ammonium  ion  was  investigated  in  H2S04  and 
HC104  solutions  and  a  significant  poisoning  was  observed  in  H2S04  solution.  An  extraordinary  recovery  of 
the  poisoned  electrode  was  achieved  in  HC104  solution  by  cycling  the  electrode  potential  between  the 
onset  potentials  of  the  hydrogen  and  oxygen  evolution.  The  extent  of  recovery  was  marked  using  the 
oxygen  reduction  reaction  (ORR)  as  a  probing  reaction.  Ammonium  ion  poisoning  of  the  electrodes  in 
H2S04  caused  a  significant  contribution  of  the  two-electron  reduction  of  02  to  hydrogen  peroxide,  as 
indicated  by  the  rotating  ring-disk  voltammetry.  The  Tafel  slopes  at  the  low  and  high  current  densities 
were  also  affected  by  the  presence  of  ammonium  ion  in  H2S04  solution  and  an  increase  in  the  Tafel  slope 
was  recognized  with  increasing  the  concentration  of  ammonium  ion.  However,  the  Tafel  slopes  at  the 
low  and  high  current  densities  were  hardly  affected  by  the  ammonium  ion  in  HC104  solution. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  proton  exchange  membrane  fuel  cells  (PEMFCs), 
in  which  electrochemical  oxygen  reduction  reaction  (ORR)  is  the 
prime  reaction,  have  become  a  subject  of  considerable  interest 
because  it  may  add  promising  advances  in  the  energy  conversion 
technology  [1—7],  During  fuel  cell  operation,  polarization  at  the 
cathode  (oxygen  reduction)  is  highly  significant  compared  to  that  at 
the  anode  and  thus  much  efforts  have  been  devoted  to  the  study  of 
the  factors  affecting  the  cathodic  reaction  including  the  adsorption 
of  several  poisoning  species.  Common  air-borne  poisons  (e.g., 
sulphur  dioxide  (SO2),  nitrogen  dioxide  (NO2)),  and  other 
contaminants  (e.g.,  ammonium  (NH^)  ion)  have  deleterious  effects 
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on  PEMFC  performance  [8—13],  The  poisoning  effect  of  the  adsor¬ 
bed  SO2  on  the  polycrystalline  platinum  (poly-Pt)  electrode  has 
been  studied  extensively  [11,14-24],  However,  a  little  attention  has 
been  paid  to  the  poisoning  effect  of  NH4  ion  on  the  poly-Pt  elec¬ 
trode  towards  ORR  [25,26].  Although  various  studies  have 
demonstrated  that  NHj  ion  has  a  negative  effect  on  PEMFC 
performance,  especially  the  major  poisoning  effect  of  NH4  ion  at 
the  anode  [27,28],  studies  of  phosphoric  acid  FCs  have  revealed  that 
there  is  a  significant  effect  of  NH4  ion  on  the  ORR  [29], 

The  aim  of  the  present  work  is  to  explore  the  effects  of  the  low 
concentration  NH4  ion  poisoning  on  the  ORR  at  the  poly-Pt  elec¬ 
trodes  in  sulphuric  (H2SO4)  and  perchloric  (HC104)  acid  solutions  at 
ambient  temperature  (25  °C).  H2S04  and  HC104  are  often  used  as 
electrolyte  solutions  in  the  electrochemical  studies  for  developing 
PEMFCs,  especially  the  fundamental  electrocatalysis  of  their  elec¬ 
trocatalysts,  while  in  PEMFCs  Nafion®  is  typically  used  as  polymer 
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electrolyte  membrane.  It  is  noteworthy  to  mention  here  that  HCIO4 
solution  is  usually  used  for  the  study  of  the  electrochemical 
behaviour  of  ORR  because  the  perchlorate  is  nonadsorbable  anion, 
similar  to  the  solid  acid  (Nafion®),  while  the  adsorption  of  bisulphate 
and  sulphate  anions  is  evident  on  the  Pt  surface  [30,31  ].  Recovery  of 
the  poisoned  electrodes  is  examined  by  cycling  the  electrode 
potential  (starting  from  the  open  circuit  potential  towards  either 
cathodic  or  anodic  direction  of  potential)  between  0.06  and  1.56  V  vs. 
RHE  for  10  cycles  at  100  mV  s’1  in  NHj  ion-free  H2S04  or  HCIO4 
solutions.  In  addition,  the  effect  of  the  adsorbed  NH4  on  the 
mechanism  of  the  ORR  is  elucidated  using  rotating  ring-disk  elec¬ 
trode  (RRDE)  methodology  [32,33],  The  rotating  disk  measurements 
permit  a  correction  for  diffusion  limitations  of  the  oxygen  gas  (02)  in 
solution  at  high  potentials,  allowing  isolation  of  the  ORR  kinetics. 
The  additional  ring,  which  surrounds  the  central  disk  with  the 
electrocatalyst,  is  used  to  oxidize  any  hydrogen  peroxide  (H202)  that 
forms  at  the  disk-electrocatalyst.  With  this  approach,  we  can  resolve 
whether  a  trace  of  adsorbed  NH4  ion  changes  the  mechanism  of  the 
oxygen  reduction  from  four-electron  pathway  to  two-electron 
pathway  forming  H202  or  not.  Similar  experiments  have  also  been 
performed  at  the  pre-oxidized  and  pre-reduced  poly-Pt  electrodes 
in  the  presence  of  various  concentrations  of  NH4  ion.  Although  the 
present  cases  are  not  exactly  the  real  one,  the  comparative  study 
may  help  to  provide  better  understanding  of  NH4  ion-poisoning 
effects  and  recovery  approaches  that  may  be  used  in  the  recovery 
of  PEMFC  performance. 

2.  Experimental 

All  the  electrochemical  measurements  were  performed  and 
recorded  using  a  computer-controlled  ALS  CHI-760D  electro¬ 
chemical  analyser,  driven  with  a  general-purpose  electrochemical 
system  software  (BAS).  Steady-state  voltammograms  were  ob¬ 
tained  at  the  RRDE  using  a  rotary  system  from  Nikko  Keisoku, 
Japan.  A  conventional  three-electrode  cell  of  around  20  cm3  was 
used  for  the  cyclic  voltammetric  measurements,  while  in  the  case  of 
hydrodynamic  voltammetric  measurements  the  working  electrode 
compartment  was  200  cm3  to  eliminate  any  possible  changes  in  the 
02  concentration  during  the  measurements.  Poly-Pt  electrode  of 
1.6  mm  in  diameter  was  employed  for  the  cyclic  voltammetric 
measurements  while  steady-state  voltammograms  were  measured 
using  the  RRDE  with  Pt-disk  (6.0  mm  in  diameter)  and  Pt-ring.  A 


spiral  Pt  wire  and  an  Ag|AgCl|KCl  (sat.)  were  used  as  counter  and 
reference  electrodes,  respectively.  All  the  potential  values  in  the 
text  and  figures  are  mentioned  with  respect  to  a  reversible 
hydrogen  electrode  (RHE).  Prior  to  use,  the  poly-Pt  electrode  was 
polished  first  with  no.  2000  emery  paper,  then  with  aqueous 
slurries  of  successively  finer  alumina  powder  (particle  size  down  to 
0.06  mm)  with  the  help  of  a  polishing  microcloth.  The  electrode 
was  then  sonicated  for  10  min  in  milli-Q  water  followed  by 
potential  cycling  between  the  onset  potentials  of  the  hydrogen  and 
oxygen  evolution  until  the  voltammetric  characteristic  of  clean  Pt 
electrode  was  obtained.  The  Pt  disk— Pt  ring  RRDE  was  cleaned  in 
the  same  manner  as  the  poly-Pt  electrode.  The  potential  of  the  Pt- 
disk  was  held  for  10  min  at  1.06  V  or  0.06  V  vs.  RHE  to  obtain  pre¬ 
oxidized  or  pre-reduced  electrodes,  respectively.  No  such  pre¬ 
treatment  was  performed  for  the  Pt-ring  electrode. 

NH4  ion-poisoned  solution  was  prepared  by  introducing 
a  specific  volume  of  30%  NH3  solution  in  either  0.1  m  H2S04  or  0.1  m 
HCIO4  solution  giving  a  desired  concentration  of  the  NH4  ion.  Prior 
to  each  experiment,  either  N2  or  02  gas  was  bubbled  directly  into 
the  cell  for  30  min  to  obtain  either  N2  or  02  saturated  solution  and 
electrochemical  measurements  were  carried  out  under  either  of 
these  two  gases  according  to  the  requirement.  All  the  measure¬ 
ments  were  accomplished  at  room  temperature  (25  ±  1  °C).  All  of 
the  reagents  (of  analytical  grade)  used  in  this  study  were  purchased 
from  either  Kanto  Chemicals  Co.  Ltd.  (Tokyo,  Japan)  or  Wako  Pure 
Chemicals  Industries  Ltd.  (Osaka,  Japan)  and  used  without  further 
purification.  All  the  solutions  were  prepared  with  Milli-Q 
(18  MQ  cm)  deionized  water. 

3.  Results  and  discussion 

The  characteristic  current-potential  (I—E)  curves  at  the  poly-Pt 
electrode  in  deoxygenated  (i.e.,  N2-saturated)  0.1  m  H2S04  and  0.1  m 
HCIO4  solutions  are  shown  in  Fig.  1(A)  and  (B),  respectively  (black 
lines).  In  the  presence  of  1  ppm  NH4  ion,  in  the  anodic  potential 
scan,  the  charge  for  the  hydrogen  desorption  peaks  was  noticed  to 
be  decreased  in  both  electrolytic  media.  It  decreased  further  with 
increasing  the  concentration  of  NHj  ion.  The  Pt  oxide  layer 
formation  region  was  also  affected.  The  current  of  the  onset  of  the 
oxide  layer  formation  (at  0.86  V  vs.  RHE)  was  found  to  decrease 
with  increasing  the  NHJ  ion  concentration.  There  was  also 
a  slightly  higher  oxidation  current  at  potentials  above  1.16  V  vs.  RHE 


£ /  V  vs.  RHE  £7  V  vs.  RHE 

Fig.  1.  CVs  obtained  at  the  poly-Pt  electrode  in  N2-saturated  0.1  m  H2S04  (A)  and  0.1  m  HC104  (B)  solutions  containing  0  (Black),  1  (Red),  10  (Blue)  and  100  (Green)  ppm  NHJ  ion.  Scan 
rate:  100  mV  s-1.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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£7  V  vs.  RHE  E  /V  vs.  RHE 

Fig.  2.  CVs  obtained  at  the  poly-Pt  electrode  in  N2-saturated  0.1  m  H2S04  before  poisoning  (Brown)  and  after  recovery  experiments  EX  1  (Blue)  and  EX  2  (Black).  Scan  rate: 
100  mV  s_1.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


in  the  presence  of  NHj  ion  corresponding  to  the  oxidation  of  this 
cation.  The  current  for  the  oxidation  of  NHj  ion  in  HCIO4  solution 
was  noticed  to  be  higher  compared  to  that  in  H2S04  solution 
indicating  an  easier  oxidation  process  in  the  former  solution.  The 
reduction  peak  of  the  Pt  oxide  layer  at  ~  0.76  V  vs.  RHE  in  the 
cathodic  potential  scan  decreased  with  increasing  the  concentra¬ 
tion  of  NHj  ion,  and  typically  the  decrease  was  found  to  be  higher 
in  H2SO4  (12%)  than  in  HC104  (7%)  in  the  presence  of  100  ppm  NHj 
ion.  The  effect  of  the  NHj  ion  on  the  hydrogen  adsorption  was 
observed  in  the  same  manner  as  observed  for  the  hydrogen 
desorption,  although  to  a  lower  extent. 

Several  methods  have  been  reported  for  the  recovery  of  plat¬ 
inum  catalysts  in  PEMFCs  [20,23].  In  situ  voltammetric  method  is 
considered  to  be  an  efficient  and  convenient  one  for  the  removal  of 
the  adsorbed  poisonous  species.  In  the  present  case,  two  proce¬ 
dures  for  the  recovery  of  the  poisoned  poly-Pt  electrode  in  each 
electrolyte  solution  have  been  employed:  by  cycling  the  electrode 
potential  (starting  from  the  open  circuit  potential  towards  either 
cathodic  (EX  1)  or  anodic  (EX  2)  direction  of  potential)  between 
0.06  and  1.56  V  vs.  RHE  for  10  cycles  at  100  mV  s"1  in  NHj  ion-free 
H2SO4  or  HCIO4  solutions.  These  methods  of  recovery  are  selected 


in  this  work  as  it  has  been  reported  that  applying  a  constant 
potential,  even  as  much  as  1.6  V  vs.  NHE,  does  not  completely 
recover  a  poisoned  platinum  electrode,  and  therefore  potential 
cycling  is  essential  for  the  complete  recovery  [34],  Fig.  2  shows  the 
cyclic  voltammograms  (CVs)  at  the  clean  poly-Pt  electrode  (brown 
line)  and  at  the  recovered  (by  EX  1  (blue  line)  and  EX  2  (black  line)) 
poly-Pt  electrodes  in  0.1  m  H2SO4  for  the  hydrogen  adsorption- 
desorption  (Fig.  2(A))  and  the  platinum  oxide  layer  formation- 
reduction  (Fig.  2(B))  regions.  Poisoning  of  the  clean  Pt  electrodes 
was  performed  by  soaking  the  electrodes  for  10  min  in  ^-saturated 
0.1  m  H2SO4  containing  100  ppm  NHJ  ion.  Both  of  the  recovery 
methods  were  found  to  be  inadequate  to  recover  the  poisoned 
electrodes  in  H2SO4  solution.  The  charge  of  the  hydrogen 
adsorption-desorption  as  well  as  the  current  for  the  formation  of 
the  Pt  oxide  layer  and  its  reduction  were  found  to  be  smaller 
compared  to  those  at  the  clean  poly-Pt  electrodes.  Fig.  3(A)  and  (B) 
show  the  CVs  for  the  hydrogen  adsorption-desorption  and  the 
platinum  oxide  layer  formation-reduction  regions,  respectively,  at 
the  clean  poly-Pt  electrode  (brown  line)  and  at  the  recovered  (by  EX 
1  (black  line)  and  EX  2  (blue  line))  poly-Pt  electrodes  in  0.1  m  HCIO4 
solution,  in  which  poisoning  of  the  electrodes  was  accomplished  in 


£/Vvs.  RHE  £/Vvs.  RHE 

Fig.  3.  CVs  obtained  at  the  poly-Pt  electrode  in  N2-saturated  0.1  m  HC104  before  poisoning  (Brown)  and  after  recovery  experiments  EX  1  (Black)  and  EX  2  (Blue).  Scan  rate: 
100  mV  s-1.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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£7  V  vs.  RHE 


£  /  V  vs.  RHE 


Fig.  4.  (A)  CVs  obtained  at  the  poly-Pt  electrode  in  02-saturated  0.1  m  H2S04  solution  (Brown)  containing  1  (Blue),  10  (Black)  and  100  (Green)  ppm  NHj  ion.  (B)  CVs  obtained  at  the 
poly-Pt  electrode  (Red)  and  recovered  poly-Pt  electrodes  (after  each  measurement  of  ORR  in  the  presence  of  1  (Blue),  10  (Black)  and  100  (Green)  ppm  NHJ  ion)  in  02-saturated  NHJ 
ion-free  0.1  m  H2S04  solution.  Scan  rate:  100  mV  s_1.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


0.1  m  HCIO4  according  to  the  same  procedure  as  used  for  the  case  in 
H2SO4.  Interestingly,  a  complete  recovery  was  observed  in  the  both 
regions  in  0.1  m  HCIO4,  in  terms  of  total  charge.  A  more  significant 
oxidation  of  the  adsorbed  NH4  ion  in  HCIO4  than  in  H2SO4  (Fig.  1 ) 
may  account  for  such  an  improved  recovery.  The  recovery  proce¬ 
dures  in  the  both  electrolytic  solutions  were  found  to  be  repro¬ 
ducible.  The  peak  currents  and  the  peak  potentials  in  the  hydrogen 
adsorption— desorption  regions  as  well  as  in  the  Pt  oxide  layer 
formation  and  its  reduction  regions  did  not  change  for  a  non- 
poisoned  electrode  after  the  same  recovery  treatment  in  ammo¬ 
nium  free  H2SO4  and  HCIO4  solutions. 

Fig.  4(A)  shows  the  ORR  at  the  poly-Pt  electrode  in  0.1  m  H2SO4 
solution  in  the  absence  and  presence  of  various  amounts  of  NHj 
ion.  The  onset  potential  and  the  peak  current  of  the  ORR  at  this 
electrode  in  the  absence  of  any  NH4  ion  (Fig.  4(A):  brown  curve) 
were  found  to  shift  towards  the  negative  direction  of  potential  and 
decrease,  respectively,  with  increasing  the  concentration  of  NH4 
ion.  As  much  as  30  mV  negative  shift  of  the  onset  potential  and  12% 
decrease  in  the  peak  current  were  recognized  in  the  presence  of 
100  ppm  NH4  ion.  In  order  to  verify  the  efficiency  of  the  recovery 


method,  recovery  experiment  was  performed  after  each  measure¬ 
ment  of  the  ORR  in  the  presence  of  various  concentrations  of  NH4 
ion  and  the  ORR  was  performed  at  these  recovered  electrodes  in 
02-saturated  NHJ  ion-free  0.1  m  H2S04  solution  (Fig.  4(B)).  A 
negative  shift  of  the  onset  potential  as  well  as  a  decrease  in  the 
peak  current  for  the  ORR  at  the  each  recovered  electrode  account 
for  the  weak  efficiency  of  the  recovery  method  in  H2SO4.  On  the 
other  hand,  the  ORR  at  the  poly-Pt  electrode  in  0.1  m  HCIO4  solution 
experienced  a  milder  poisoning  effect  from  NHJ  ion  compared  to 
that  in  0.1  m  H2SO4  solution.  Fig.  5(A)  shows  the  effect  of  various 
concentrations  of  NH4  ion  on  the  ORR  at  the  poly-Pt  electrode  in 
0.1  m  HCIO4.  In  the  presence  of  100  ppm  NH4  ion,  a  negative  shift  of 
the  onset  potential  (16  mV)  as  well  as  a  decrease  in  the  ORR  current 
(5%)  were  noticed,  which  are  lower  in  value  compared  to  those 
observed  in  0.1  m  H2SO4  in  the  presence  of  the  same  amount  of  NFI4 
ion.  Fig.  5(B)  shows  the  CVs  obtained  at  the  clean  poly-Pt  electrode 
(Red)  and  recovered  poly-Pt  electrodes  (after  each  measurement  of 
ORR  in  the  presence  of  1  (Blue),  10  (Black)  and  100  (Green)  ppm 
NHJ  ion)  in  02-saturated  NH^  ion-free  0.1  m  HCIO4  solution. 
Interestingly,  both  the  onset  potential  and  the  peak  current  for  the 


Fig.  5.  (A)  CVs  obtained  at  the  poly-Pt  electrode  in  02-saturated  0.1  M  HC104  solution  (Red)  containing  1  (Blue),  10  (Black)  and  100  (Green)  ppm  NHj  ion.  (B)  CVs  obtained  at  the 
poly-Pt  electrode  (Red)  and  recovered  poly-Pt  electrodes  (after  each  measurement  of  ORR  in  the  presence  of  1  (Blue),  10  (Black)  and  100  (Green)  ppm  NHj)  in  02-saturated  NHj 
ion-free  0.1  m  HC104  solution.  Scan  rate:  100  mV  s-1.  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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ORR  obtained  at  any  of  the  recovered  electrodes  were  found  to  be 
almost  the  same  as  those  at  the  clean  poly-Pt  electrode,  supporting 
an  excellent  recovery  in  the  HC104  solution. 

The  hydrodynamic  voltammograms  for  the  ORR  were  obtained 
at  the  poly-Pt  electrode  in  02-saturated  0.1  m  H2SO4  (Fig.  6(A))  and 
0.1  m  HCIO4  (Fig.  6(B))  solutions  containing  100  ppm  NHj  ion  at 
electrode  rotation  rates  in  the  range  of  400—2000  rpm  and  at 
a  potential  scan  rate  of  10  mV  s  \  Recovery  of  the  electrode  was 
carried  out  after  each  run.  The  dotted  curves  in  each  figure  repre¬ 
sent  the  background  current  obtained  at  rotation  rate  of  2000  rpm 
in  the  presence  of  100  ppm  NHj  ion.  The  background  current  was 
subtracted  from  the  total  current  for  obtaining  the  net  current  for 
the  ORR.  The  limiting  current  (IL)  for  the  ORR  at  the  rotating  disk 
electrode  (RDE)  can  be  presented  by  Eq.  (1)  known  as  Levich 
equation  [35—37]: 

JL  =  0.62nFACbD2/3v  V6wi/2  (1) 

where  n  is  the  number  of  electrons  involved  in  the  reduction  of  O2,  F 
is  the  Faraday  constant  (96,485  C  mol'1 ),  A  is  the  geometric  surface 
area  of  the  RDE,  Q,  is  the  bulk  concentration  of  O2 
(1.1  x  10-3  mol  dm-3),  Do  is  the  diffusion  coefficient  of  O2 
(1.93  x  10-5  cm2  s-1),  v  is  the  kinematic  viscosity  of  the  solution  (ca. 


0.01  cm2  s-1)  [38]  and  w  is  the  angular  rotation  rate  of  the  electrode 
expressed  as  radian  per  second  («  =  2tt//60,  where/is  the  rotation 
in  rpm).  Thus  the  above  equation  gives  a  linear  dependence  of  IL  on 
(o1/2  with  a  zero  intercept  and  a  slope  proportional  to  the  apparent 
number  of  electrons  exchanged  per  O2  molecule  in  the  overall 
cathodic  reaction.  The  limiting  current  densities  (Jl)  were  obtained 
at  0.26  V  vs.  RHE  from  the  hydrodynamic  voltammograms  shown  in 
Fig.  6(A)  and  (B)  and  plotted  as  a  function  of  w1/2  (Fig.  6(C)  and  (D): 
blue  lines,  respectively).  In  both  cases,  the  experimental  values 
nicely  fall  on  a  straight  line  passing  through  the  origin,  suggesting 
that  the  reaction  is  controlled  by  the  mass  transfer  of  O2  to  the 
electrode  surface.  The  slopes  of  the  experimental  lines  were  ob¬ 
tained  as  0.34  mA  cm-2  (rad  s-1)-1/2  and  0.43  mAcm-2  (rad  s-1)-1/2 
in  FI2SO4  and  FICIO4  solutions,  respectively.  Similar  experiments 
have  also  been  carried  out  in  the  absence  of  any  NH^j  ion  in  these 
two  electrolytic  solutions  (figure  not  shown  here)  and  the  limiting 
current  densities  (Jl )  were  obtained  at  0.26  V  vs.  RHE  from  the 
hydrodynamic  voltammograms  and  plotted  as  a  function  of  u1/2 
(Fig.  6(C)  and  (D):  red  lines).  The  values  of  Jl  were  also  calculated 
based  on  Eq.  (1)  using  the  values  of  n  equal  to  4  and  other  param¬ 
eters  as  given  above  and  plotted  as  a  function  of  w^2(Fig.  6(C)  and 
(D):  black  dashed  lines).  The  slopes  of  the  experimental  lines  in  the 
absence  of  NH|  ion  were  obtained  as  0.43  mA  cm-2  (rad  s-1)-1/2 
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£7  V  vs.  RHE  £  /  V  vs.  RHE 

Fig.  7.  (A)  Steady-state  voltammograms  obtained  for  the  ORR  at  Pt-disk  electrode  (a-d)  and  for  the  oxidation  of  H202  at  Pt-ring  electrode  (a'-d'  in  02-saturated  0.1  m  H2S04  solution 
in  the  absence  (a,  a’)  and  presence  of  1  (b,  b'),  10  (c,  c')  and  100  (d,  d')  ppm  NHj  ion.  (B)  Same  notations  as  ‘A'  in  0.1  m  HC104  solution.  Scan  rate:  10  mV  s_1,  rotation  rate:  800  rpm, 
the  Pt  ring  was  potentiostated  at  1.26  V  vs.  RHE  and  the  ring  currents  are  shown  as  20  times  of  their  original  magnitude.  Recovery  was  performed  after  each  measurement. 


and  0.44  mA  cm2  (rad  in  H2SO4  and  HCIO4  solutions, 

respectively,  which  are  consistent  with  the  slope  of  the  theoretical 
line  for  n  =  4  (0.45  mA  cm-2  (rad  s-1)-1^2),  suggesting  that  the  ORR 
at  the  poly-Pt  electrode  proceeds  through  an  exclusive  four-electron 
pathway  in  the  absence  of  NHj  ion.  In  the  presence  of  100  ppm  NHj 
ion,  the  ORR  at  the  poly-Pt  electrode  in  0.1  m  HCIO4  actually  follows 
the  four-electron  pathway,  while  a  smaller  slope  obtained  in  0.1  m 
H2SO4  suggests  a  decrease  in  the  active  surface  area  and/or 
a  contribution  of  a  two-electron  reduction  of  O2  in  the  ORR. 

In  order  to  investigate  the  reason  behind  the  significant 
decrease  in  the  ORR  current,  i.e.,  whether  it  originates  from 
decrease  in  the  active  surface  area  or  change  in  the  mechanism  of 
the  ORR,  the  rotating  ring-disk  electrode  voltammetry  was  con¬ 
ducted  in  H2S04  and  HCIO4  solutions  in  the  presence  of  various 
amounts  of  NHj  ion  (1, 10  and  100  ppm).  The  disk  currents  (/d)  of 
the  ORR  are  shown  as  the  negative  current  while  the  ring  currents 
(1r)  for  the  oxidation  of  H2O2  as  the  positive  current.  The  ring 
currents  are  shown  as  20  times  of  their  original  magnitude.  The 
RRDE  voltammograms  in  the  NHj  ion-free  acids  ((a,  a!)  of  Fig.  7(A) 
and  (B))  show  significantly  small  ring  currents  indicating  the 
exclusive  four-electron  reduction  of  O2  to  H2O  in  the  both  elec¬ 
trolytic  solutions.  Upon  addition  of  NHj  ion,  the  onset  potential  of 
the  ORR  was  found  to  shift  towards  the  negative  direction  of 
potential  and  the  ORR  current  also  decreased  in  H2S04  (Fig.  7(A)). 
In  this  case,  the  ring  current  was  also  noticed  to  be  higher.  The 
negative  shifting  of  the  onset  potential,  decrease  in  the  ORR 
current  and  increase  in  the  ring  current  became  remarkable  with 
increasing  the  concentration  of  NHJ  ion.  In  the  presence  of  NHJ 
ion,  the  increase  in  the  ring  current  indicates  the  significant 
contribution  of  the  two-electron  pathway  of  ORR  (formation  of 
H2O2)  due  to  the  adsorption  of  the  nitrogen  species  which  might 
partially  change  the  adsorption  pattern  of  the  molecular  oxygen 
from  a  parallel  mode  to  an  end-top  mode.  Such  a  change  in  the 
ORR  mechanism  occurs  due  to  the  decrease  in  the  number  of 
adjacent  adsorption  sites  necessary  for  the  breaking  of  the  0—0 
bond  [17],  In  HCIO4  solution,  no  change  in  the  onset  potential  of 
the  ORR  was  recognized  in  the  presence  of  NH4  ion  of  1, 10  and 
100  ppm  and  only  a  slight  decrease  in  the  ORR  current  and 
increase  in  the  ring  current  were  noticed  with  increasing  the 
concentration  of  NH4  ion,  indicating  the  almost  exclusive  four- 
electron  pathway  of  the  ORR  even  in  the  presence  of  100  ppm 
NH4  ion. 


The  RRDE  voltammograms  were  also  recorded  at  the  pre¬ 
oxidized  and  pre-reduced  electrodes  in  the  absence  and  presence 
of  1, 10  and  100  ppm  NHj  ion  in  0.1  m  H2SO4  and  0.1  m  HCIO4  solu¬ 
tions.  Potential  was  scanned  towards  the  positive  direction  of 
potential  starting  from  0.06  V  vs.  RHE  at  the  pre-reduced  electrode  in 
contrast  to  that  at  the  untreated  and  pre-oxidized  electrodes. 
Fig.  8(A)  and  (B)  show  the  typical  results  obtained  for  the  ORR  at  the 
clean  (a,  a',  b,  b'),  pre-oxidized  (c,  c')  and  pre-reduced  (d,  d')  Pt  RRDE 
electrodes  in  the  absence  (a,  a')  and  presence  (b-d,  b'-d')  of 
100  ppm  NHJ  ion  in  0.1  mH2S04  (Fig.  8(A))  and  0.1  mHC104  (Fig.  8(B)) 
solutions.  In  H2SO4  solution,  the  onset  potential  of  the  ORR  shifted 
towards  the  negative  direction  of  potential,  the  ORR  current 
decreased  and  the  ring  current  increased  at  all  the  electrodes  in  the 
presence  of  100  ppm  NHJ  ion.  At  this  concentration  of  NHJ  ion,  the 
onset  potentials  shifted  negatively  by  40,  45  and  100  mV  at  the 
untreated,  pre-oxidized  and  pre-reduced  electrodes,  respectively, 
compared  to  those  at  the  respective  electrodes  in  NHj  ion-free  0.1  m 
HCIO4.  The  reaction  rate  of  the  ORR  has  been  reported  to  largely 
depend  on  the  pre-treatment  potential  [39],  At  the  pre-oxidized 
electrode,  the  ORR  was  affected  by  the  formation  of  platinum 
oxide  layer  [40]  and  the  deleterious  effect  at  the  pre-reduced  elec¬ 
trode  may  originate  from  the  hydrogen  or  anion  adsorption.  Far 
better  results  were  obtained  in  0.1  m  HCIO4  solution  for  the  ORR  at  all 
the  electrodes  in  the  presence  of  100  ppm  NHj  ion.  The  onset 
potentials  of  the  ORR  in  the  presence  of  NH|  ion  at  the  untreated, 
pre-oxidized  and  pre-reduced  electrodes  shifted  negatively  only  by 
10, 15  and  25  mV,  respectively,  compared  with  those  obtained  at  the 
respective  electrodes  in  NHJ  ion-free  0.1  m  HCIO4. 

The  percentage  of  the  electrogenerated  hydrogen  peroxide 
(Xh2o2  )  and  the  number  of  electron  transferred  (n)  during  the  ORR 
at  all  three  electrodes  in  the  absence  and  presence  of  1,  10  and 
100  ppm  NH4  ion  were  calculated  using  Eqs.  (2)  and  (3): 


4/r 


b  +  k/N 


(2) 


-^h2o2  = 


200/r/JV 

h  +  h/N 


(3) 


where,  Id  and  /r  are  the  disk  and  ring  currents,  respectively  and  N  is 
the  collection  efficiency  (0.41 ).  Fig.  8(C)  and  (D)  show  the  typical 
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Fig.  8.  (A)  Steady-state  voltammograms  obtained  for  the  ORR  at  Pt-disk  electrode  (a-d)  and  for  the  oxidation  of  H202  at  Pt-ring  electrode  (a’-d’)  in  02-saturated  0.1  m  H2S04 
solution  in  the  absence  (a,  a’)  and  presence  (b,  b')  of  100  ppm  NHJ  ion.  (c,  c')  and  (d,  d')  are  the  same  notations  as  (b,  b’)  but  the  potential  scanning  was  performed  towards  the 
cathodic  and  anodic  direction  of  potential  for  the  pre-oxidized  and  pre-reduced  electrodes,  respectively.  Scan  rate:  10  mV  s_1,  rotation  rate:  800  rpm,  the  Pt  ring  was  potentiostated 
at  1.26  V  vs.  RHE  and  the  ring  currents  are  shown  as  20  times  of  their  original  magnitude.  (C)  Variation  of  the  number  of  transferred  electrons  (n)  during  the  ORR  (a'-d')  and  the 
percentage  of  the  electro-generated  H202  (XHz02 )  (a-d)  without  pre-treatment  (a,  a’,  b,  b’),  and  with  anodic  pre-treatment  (c,  c’)  and  cathodic  pre-treatment  (d,  d’)  of  the  Pt-disk 
electrode  in  the  absence  (a,  a’)  and  presence  (b-d,  b’-d’)  of  100  ppm  NHj  ion.  (E)  Mass-transfer  corrected  Tafel  plots  for  the  ORR  in  untreated  (a,  b),  anodically  pre-treated  (c)  and 
cathodically  pre-treated  (d)  Pt-disk  electrodes  in  the  absence  (a)  and  presence  (b,  c,  d)  of  100  ppm  NHj  ion.  (B),  (D)  and  (F)  represent  the  same  notations  as  ‘A’,  'B'  and  ‘C, 
respectively,  in  0.1  m  HC104  solution. 


potential  dependence  of  XH2o2  and  n  at  the  untreated  (a,  b  and  a’, 
b’),  pre-oxidized  (c  and  c’)  and  pre-reduced  (d  and  d’)  electrodes  in 
the  absence  (a  and  a’)  and  presence  of  (b— d  and  b’— d’)  100  ppm 


NHJ  ion  in  0.1  m  H2S04  (Fig.  8(C))  and  0.1  m  HC104  (Fig.  8(D)) 
solutions.  In  H2S04  solution,  in  the  presence  of  100  ppm  NH4  ion,  4, 
6  and  10%  H202  were  generated  and  the  n  value  was  reduced  to 


M.R.  Rahman  et  al.  /  Journal  of  Power  Sources  220  (2012)  65—73 


Table  1 

Tafel  slopes  obtained  at  (bl)  low  and  (b2)  high  current  densities  at  the  various  Pt  electrodes. 


[NH+]/ppm 

Tafel 

slope/mV  decade 

Untreated  electrode1 

Pre-oxidiz 

ed  electrode11 

Pre-redu 

ced  electrode1 

H2SO 

HCIO4 

H2S04 

HCIO4 

h2so4 

HCIO4 

bl 

b2 

bl 

b2 

bl 

b2 

bl 

b2 

bl 

b2 

bl 

b2 

0 

71 

122 

62 

123 

76 

130 

59 

120 

80 

158 

66 

156 

1 

78 

130 

65 

122 

80 

134 

58 

122 

84 

165 

67 

158 

80 

138 

68 

125 

83 

130 

63 

124 

89 

170 

64 

155 

100 

81 

134 

64 

121 

79 

132 

62 

123 

98 

198 

71 

162 

d  The  potential  was  scanned  in  the  cathodic  direction  without  pre-treatment. 

b  The  Pt-disk  electrode  of  the  RRDE  was  potentiostated  at  1.06  V  vs.  RHE  for  10  min  before  scanning  the  potential  in  the  cathodic  direction. 
c  The  Pt-disk  electrode  of  the  RRDE  was  potentiostated  at  0.06  V  vs.  RHE  for  10  min  before  scanning  the  potential  in  the  anodic  direction. 


3.90,  3.86  and  3.80  at  0.1  V  at  the  untreated,  pre-oxidized  and  pre¬ 
reduced  electrodes,  respectively,  confirming  the  existence  of  the 
two-electron  pathway  of  ORR  along  with  the  four-electron  one.  On 
the  other  hand,  in  HCIO4  solution,  the  values  for  the  XH2o2  and  n  at 
the  untreated,  pre-oxidized  and  pre-reduced  electrodes  were 
calculated  as  1.5%  and  3.97,  2.5%  and  3.96  and  3.0%  and  3.95, 
respectively,  at  0.1  V  in  the  presence  of  100  ppm  NH4  ion,  indi¬ 
cating  a  minor  effect  of  the  pre-treatment  of  electrode  on  the  four- 
electron  pathway  of  the  ORR  in  the  HCIO4  solution. 

Mass  transfer  corrected  Tafel  plots  of  the  ORR  in  the  0.1  m  H2S04  and 
0.1  m  HCIO4  solutions  were  drawn  for  the  untreated,  pre-oxidized  and 
pre-reduced  electrodes  in  the  absence  and  presence  of  1,  10  and 
100  ppm  NH4  ion  and  the  Tafel  slopes  are  presented  in  Table  1.  Fig.  8(E) 
and  (F)  show  the  typical  Tafel  plots  obtained  for  the  ORR  at  the 
untreated  (a,  b),  pre-oxidized  (c)  and  pre-reduced  (d)  electrodes  in  the 
absence  (a)  and  presence  (b-d)  of  100  ppm  NH4  ion  in  0.1  m  H2SO4 
(Fig.  8(E))  and  0.1  m  HCIO4  (Fig.  8(F))  solutions.  From  Fig.  8(E)  and  Table  1 
we  can  see  that,  at  the  untreated  electrode,  the  Tafel  slope  at  low 
current  density  in  pure  H2SO4  solution  is  higher  than  that  expected 
according  to  the  Damjanovic  mechanism  [39],  -71  vs.-60  mV/decade, 
and  the  Tafel  slope  at  high  current  density  is  in  line  with  the  prediction, 
i.e.,  -122  vs.-120  mV/decade.  It  should  be  noted  that  the  determina¬ 
tion  of  the  Tafel  slope  at  low  current  density  is  difficult  as  the  plot  is 
curved  actually.  In  the  pure  H2SO4  solution,  the  Tafel  slopes  at  low  and 
high  current  densities  increased  at  the  pre-oxidized  and  pre-reduced 
electrodes  compared  to  those  at  the  untreated  electrode  revealing 
the  negative  effect  of  the  pre-treatment  procedure  on  the  ORR.  The 
slopes  at  these  three  electrodes  were  further  increased  with  increasing 
the  concentration  of  NH4  ion  and  attained- 98  and- 198  mV/decade 
for  the  low  and  high  current  densities,  respectively,  at  the  pre-reduced 
electrode  in  the  presence  of  100  ppm  NH4  ion,  demonstrating  the 
deleterious  effect  of  the  NH|  ion  on  the  ORR.  On  the  other  hand,  the 
Tafel  slopes  at  the  low  and  high  current  densities  at  the  untreated  and 
pre-oxidized  electrodes  in  the  pure  HCIO4  solution  were  found  to  be  in 
line  with  the  Damjanovic  prediction  confirming  no  effect  of  NH4  ion  on 
the  ORR  in  this  electrolytic  solution.  However,  at  the  pre-reduced 
electrode,  a  higher  Tafel  slope  (-156  mV/decade)  was  obtained  at  the 
high  current  density  region  in  the  pure  HCIO4  solution.  Zecevic  et  al. 
also  observed  a  higher  Tafel  slope  (-135  mV/decade)  than  expected  at 
the  high  current  density  region  in  pure  HCIO4  solution  [41],  The  Tafel 
slopes  at  this  electrode  at  the  low  and  high  current  densities  were  found 
to  increase  only  a  little  in  the  presence  of  100  ppm  NHj  ion.  The 
differences  in  the  Tafel  slopes  at  the  pre-reduced  electrode  in  0.1  m 
HCIO4  solution  in  the  absence  and  presence  of  various  amounts  ofNHj 
ion  can  be  considered  insignificant  by  taking  the  uncertainty  in  the 
Tafel  slope  fitting  procedure  into  account. 

4.  Conclusions 

The  low  concentration  ammonium  ion  poisoning  of  the  poly-Pt 
electrode  was  investigated  in  two  different  electrolytic  solutions, 


i.e.,  H2S04  and  HCIO4.  A  significant  effect  of  ammonium  ion  on  the 
catalytic  activity  towards  ORR  at  the  poly-Pt  electrode  was  realized 
in  H2SO4  solution  in  contrast  to  the  results  of  the  Okada  et  al.  who 
reported  a  decrease  in  the  ORR  current  due  to  an  interaction 
between  the  NHj  ion  and  the  ionomer  on  the  Nafion®  film-covered 
Pt  electrode  [26],  They  reported  even  smaller  effect  of  NH4  ion  [26] 
than  that  of  Na+  and  K+  [42]  on  the  ORR.  However,  a  comparative 
investigation  of  the  ORR  at  the  Nafion®-coated  Pt  electrode  in  the 
H2SO4  and  HCIO4  solutions  containing  NH4  ion  may  disclose  such 
interaction.  A  complete  recovery  of  the  poisoned  electrode  was 
achieved  in  NH4  ion-free  HC104  solution  by  cycling  the  potential  10 
times  between  the  onset  potentials  of  the  hydrogen  and  oxygen 
evolution,  while  this  method  was  not  effective  enough  to  recover 
the  poisoned  electrode  in  H2SO4  solution.  The  experimentally 
determined  Levich  slope  for  the  ORR  at  the  poly-Pt  electrode  in 
HCIO4  solution  containing  ammonium  ion  was  in  good  agreement 
with  the  theoretically  predicted  slope  for  n  =  4,  suggesting  the  four- 
electron  pathway  of  the  ORR.  On  the  other  hand,  the  Levich  slope 
was  noticed  to  decrease  in  H2SO4  solution  containing  NH4  ion 
revealing  the  significant  contribution  of  the  two-electron  pathway 
of  O2  to  H2O2  in  the  ORR.  The  Tafel  slope  was  found  to  increase  with 
increasing  the  concentration  of  NHj  ion  in  H2SO4  at  all  the  elec¬ 
trodes  confirming  the  deleterious  effect  of  the  NH4  ion  on  the  ORR. 
However,  the  Tafel  slopes  at  all  the  electrodes  in  HCIO4  solution 
containing  various  amounts  of  NH^  ion  were  almost  comparable  to 
that  in  the  pure  HCIO4  solution  suggesting  a  minute  effect  of  the 
NH|  ion  on  the  ORR  in  this  electrolytic  solution. 
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